We report on the design of a single element planar solid immersion lens which is theoretically capable of confining light to a focal spot with full width half maximum of 0.29 k (154 nm at k ¼ 532 nm) and achieving an effective numerical aperture of 1.732. Devices are fabricated and initial optical characterization is performed using a far-field imaging technique providing a lower bound on the numerical aperture of 0.7. Experimental results compare well with two dimensional finite element method simulations. Devices can be mass produced using ultraviolet lithography and produce focal volumes lower than expensive microscope objectives. V C 2013 AIP Publishing LLC.
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The smallest spot that can be produced by focusing propagating light using free space optics is limited to approximately half the wavelength of the incident light by diffraction. Multiple metrics are used to define the diffraction limited spot size. Here, we use the full width half maximum (FWHM) of the square of the Airy function which is given by FWHM ¼ 0.51k/NA. The 1/e 2 waist is calculated from this by w 1=e 2 ¼ FWHM ffiffiffiffiffiffiffiffiffiffi lnð4Þ p . This limit results from the finite aperture of the optics which limits the range of spatial frequencies collected. The key to compressing light further is to include higher spatial frequencies. 1 One technique to increase spatial resolution is by taking advantage of evanescent components of the field. Surface plasmon polaritons (SPPs) and localized surface plasmons (LSPs) can confine light to deeply sub-wavelength volumes. [2] [3] [4] Aperture scanning techniques such as scanning near field optical microscopy (SNOM) can obtain resolutions of 20 nm by placing a metallic antenna in the near-field of the surface under investigation. [5] [6] [7] The efficiency of this technique is however low at 10 À5 making it unsuitable for excitation and applications which require high throughput. 8 For emerging technologies, such as heat assisted magnetic recording (HAMR), it is necessary to create a small excitation focal volume with high power throughput using a compact device, which can be fabricated using standard lithography techniques. 9 Solid immersion lenses (SIL) give the possibility to achieve sub-wavelength focal spots while retaining high transmission. An SIL is in general a 3D hemisphere made from a high refractive index material which is placed close to the focal plane of a high NA objective. 10 These structures bend the incident light to effectively increase the NA of the objective. They have been used to achieve a FWHM of 0.25 k (139 nm @ k ¼ 560 nm). 11 There are two traditional designs for solid immersion lenses: a hemispherical lens which increases the resolution by a factor of the refractive index (n) 10 and a super-SIL (Weierstrass geometry) which is capable of increasing the resolution by n 2 . 12 These structures are designed to work in conjunction with a high NA focusing lens in order to increase resolution. When the SIL is index matched and brought in contact with the surface, it is referred to as a numerical aperture increasing lens (NAIL) and allows light which would normally be trapped at the surface by total internal reflection to escape to free space. The NAIL has been used to image integrated circuits with a resolution of 0.23 k (230 nm at k ¼ 1 lm).
13 Numerous modifications and optimizations have been made on these designs. 14, 15 In practice, it can be difficult to achieve the theoretical resolution for 3D SILs due to polishing imperfections or inaccurate truncation of the sphere.
Planar solid immersion lenses (PSILs) have been proposed as a method to effectively integrate SILs and to alleviate alignment issues. 16, 17 Previous work used standard SIL designs, to create PSILs with spot FWHM of 0.71 k (453 nm at k ¼ 632.8 nm). 17 These devices were lossy due to the need for multiple elements. An alternative route is to use reflection instead of refraction. A planar solid immersion mirror (PSIM) was designed which can create a spot size of 0.278 k (180 nm at 650 nm) and is free from chromatic aberration. 18, 19 Here, we produce a single element planar focusing structure based on refraction capable of producing focal volumes equivalent to a microscope objective of NA ¼ 1.732. The PSIL is fabricated in a 400 nm layer of Si 3 N 4 (n ¼ 2.0) deposited by low pressure chemical vapor deposition (LPCVD) on a 2 lm thick thermal oxide SiO 2 (n ¼ 1.4), using electron beam lithography (EBL) and inductively coupled plasma (ICP) etching. The EBL is used in order to facilitate prototyping; however, these structures are large enough to be easily mass produced using UV lithography.
The ideal shape for creating an image without spherical aberration was originally discovered by the famous philosopher and mathematician Ren e Descartes in 1637, then later studied by Newton in 1664 and Maxwell in 1864 and Huygens. 20, 21 Specifically the shape can produce two perfectly conjugated planes and is well known in optical lens design 22 as a Cartesian oval. This shape was recently demonstrated to create whispering gallery mode resonators with unidirectional emission. For the case of an incident plane wave (i.e., object plane at infinity), the equation of the shape in Cartesian coordinates reduces to
The origin is taken on the centre line of the first boundary of the shape and a is the distance from the origin to the image plane as depicted in Fig. 1 . n 1 and n 0 are the refractive index of the ellipse and surrounding material, respectively. Comparison with the standard equation for an ellipse with centre M on the x axis and 0 on the y axis,
shows that this describes an ellipse with semi-major axis A, semi-minor axis B, and centre M given by
This ellipse has a specific ratio of major to minor axes which depends on the refractive index contrast. The structure thus only depends on one parameter a. These elliptical structures will create a focal spot at F2, which is inside the ellipse. Since the focusing effect occurs completely due to refraction at one interface, the ovals can be truncated at F2 without affecting the NA of the structure. The distance from the centre of the ellipse to the truncated surface f and the length of the chord l are given by
For the case of Si 3 N 4 in air, n 1 ¼ 2.0 and n 0 ¼ 1. This leads to A ¼ 2=3a, B ¼ a/ ffiffi ffi 3 p , f ¼ a/3, and l ¼ a. The maximum half angle collected by this structure is h max ¼ 60 leading to NA ¼ nsinðh max Þ¼ ffiffiffiffiffiffiffiffiffiffiffi ffi n 2 À1 p ¼1.732, which is independent of a. A simple far-field imaging technique depicted in Fig.  2 properties of these structures. Light from a 3.2 mW CW diode pumped solid state (DPSS) laser with wavelength of 532 nm is incident at 80 to the substrate normal. The beam is spatially filtered to give a Gaussian profile with 1.5 mm 1/e 2 diameter. This effectively creates a plane wave excitation on the scale of a single scatter. The incident light is controlled to be s-polarized or p-polarized with respect to the substrate. The ovals are imaged from above using a 0.7 NA long working distance microscope objective. Only light which is scattered by the structures into the 45 half angle collection cone of the objective is collected. The resulting image is a spatial map of the origin of the scattered light which is related to the local intensity. Secondary scattering from the SiO 2 substrate creates signal which is two orders of magnitude weaker, giving a map of the local intensity distribution outside of the structure. 24 A linear polarizer can be placed after the objective to analyze the polarisation of the scattered light. A typical array of fabricated structures is shown in Fig. 2(b) under 50Â magnification. In order to record signal from both scattering processes, the dynamic range of the CCD is extended by taking four images with different gain and shutter settings and adding them after calibration. An experimental image of a truncated oval with a ¼ 10 lm, k ¼ 532 nm, and p-polarized input light is shown on log 10 scale in Fig. 2(c) . There is detail in the image over 3 orders of magnitude.
A close up of the focal region is shown on a linear scale in Fig. 2(d) . The spot is blurred to a FWHM of 420 6 46 nm by the point spread function (PSF) of the collecting objective (FWHM 390 nm, with NA ¼ 0.7). The near-field intensity distribution is calculated numerically for a 2D structure with the same cross section and an index of 2 using the finite element method (COMSOL). The light is known to be confined to the 400 nm layer in the out of plane direction from previous work 24 putting an upper limit on the spot waist of 200 nm for this case; however, these structures are too large for full 3D numerical simulation. A comparison of numerical results with the experimental images shows that the scattered light retains the polarization properties of the near-field components. Figures 3(a)-3(c) are experimental results with no analyzer and with analyzer polarized along x-axis and y-axis, respectively. The incident light is s-polarized (along y-axis.). Figs. 3(d)-3(f) show the 2D FEM calculated total near-field intensity, jE x j 2 and jE y j 2 , respectively. The focal spot is larger for s-polarized light (320 nm) than p-polarized light (154 nm). This is due to the discontinuity of electric field at the interface of the structure in the s-polarized (TE) case. The experimental results verify that the PSILs are capable of focusing light at least as tight as a microscope objective with NA ¼ 0.7. Higher resolution methods for mapping the near-field such as SNOM are necessary to see the actual spot size and are currently underway. The intensity enhancement is linear with the parameter a (Fig. 3(g) ). Since the focal spot size is independent of a, the structures can be designed for a specific intensity enhancement to suit a particular application.
The Cartesian oval works by converting a plane wave into a cylindrical wave which converges to a point at F2. Since the cylindrical wavefront is created by refraction at the first interface alone, a cylinder with diameter d can be cut into the structure centred on the point F2 as shown inset in Fig. 4 . The wavefront will be parallel to this interface and will not undergo refraction, minimising distortion to the focal spot. The oval now acts as a high NA lens with a Gaussian focus outside of the structure which is not in contact with the interface. An experimental image of focusing by a truncated oval with parameter a ¼ 20 lm and a cylindrical cut out with d ¼ 10 lm is shown on log scale in Fig. 4(a) . Controlling the ratio of the diameter of this cut-out to the size parameter of the oval a allows control over the effective NA of the structure and the spot size. The maximum intensity in the focal region I max and the effective NA of the oval calculated from FEM are tabulated for different values of a and d in Table. I. When d is comparable with a, the length of the refracting interface is shortened resulting in a lower NA. When d < k, additional confinement results in a higher effective NA.
A design of planar solid immersion lens is presented. The structure is capable of creating an effective NA of ffiffiffiffiffiffiffiffiffiffiffiffiffi n 2 À 1 p using a single element and without the need for a focusing lens. These structures are fabricated in Si 3 N 4 and shown numerically to produce a focal spot with FWHM of 154 nm at k ¼ 532 nm equivalent to an NA of 1.732. A farfield imaging method confirms the spot size is smaller than 420 6 46 nm (NA ¼ 0.7). Modifying the structure allows access to the focal area and control over the spot size and NA. These structures can be mass produced using standard lithography processes. We have outlined a design to produce these structures in any material system. It is possible to investigate solutions using water as a cladding layer. Use of even higher index materials such as gallium phosphide and shorter wavelengths could produce focal spots with FWHM as small as 87 nm at k ¼ 560 nm. (effective NA ¼ 3.27). These devices will find uses as focusing elements for biological sensing, fluorescence correlation spectroscopy (FCS), single molecule excitation, optical recording, optical lithography, and heat assisted magnetic recording. Further work is underway to confirm the spot size using near-field methods and to optimise the materials and thickness of the guiding layer.
